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n the United States, lung cancer is the third most common cancer among men and women and is the leading cause of cancer-related deaths (1) , accounting for almost 27% of all cancer-related deaths. Current estimates suggest that almost 7% of persons born today will be diagnosed with lung cancer in their lifetime, and almost 6% will die of it (2) (3) (4) . Among heavy smokers, lung cancer accounts for 33% of overall mortality (5) . Seventy-five percent of patients with lung cancer present with symptoms due to incurable advanced local or metastatic disease (6) .
Approximately 85% of lung cancer cases in the United States are attributable to smoking (7, 8) , and a high percentage occurs in former smokers because risk continues after smoking stops (9 -11) . Approximately 20% of Americans currently are smokers, and many more are former smokers (12) ; thus, lung cancer will remain a major public health problem in this country for decades. Other persons at increased risk include older adults and those with a family history of lung cancer, chronic obstructive pulmonary disease or pulmonary fibrosis (8, 13, 14) , and certain environmental (15) (16) (17) (18) and occupational (8, 14) exposures. Some studies suggest that women are at higher risk than men with similar exposures (7, 16, 19, 20) .
In 2004, the U.S. Preventive Services Task Force (USPSTF) judged the evidence about the effectiveness of lung cancer screening with chest radiography or low-dose computed tomography (LDCT) as insufficient (21) . This systematic review updates evidence on the effectiveness and harms of LDCT screening for lung cancer for the USPSTF.
comes, and harms of LDCT screening for lung cancer (Appendix Figure 1 , available at www.annals.org). The target population includes asymptomatic current and former adult smokers.
Data Sources and Searches
In conjunction with a research librarian, investigators searched MEDLINE (2000 to 31 May 2013), the Cochrane Central Register of Controlled Trials and Cochrane Database of Systematic Reviews (through the fourth quarter 2012), reference lists, and Scopus for relevant Englishlanguage studies and systematic reviews.
Data Extraction and Quality Assessment
For each included study, an investigator abstracted details about the patient population, study design, screening procedure, imaging assessment, analysis, follow-up, and results; data were confirmed by a second investigator. Using predefined criteria developed by the USPSTF (23), 2 investigators independently rated the quality of trials reporting results for both comparison groups (LDCT vs. chest radiography or usual care) as good, fair, or poor; discrepancies were resolved by consensus. When studies reported findings in more than 1 article, data from the most recent publication were used unless unique data were presented in a previous publication.
Data Synthesis and Analysis
We did not perform a meta-analysis because of the substantial heterogeneity in the interventions, follow-up intervals, and quality of the trials. We created forest plots to display the findings and summarize the data qualitatively. We assessed the overall quality of the body of evidence for each key question (good, fair, or poor) using methods developed by the USPSTF on the basis of the number, quality, and size of studies; consistency of results; and directness of evidence (23) .
Role of the Funding Source
This research was funded by the AHRQ under a contract to support the work of the USPSTF. Investigators worked with USPSTF members and AHRQ staff to develop and refine the scope, analytic framework, and key questions; resolve issues arising during the project; and finalize the report. Staff from the AHRQ provided project oversight; reviewed the draft report; and distributed it for peer review, which included representatives of professional societies and federal agencies. The AHRQ performed a final review of the manuscript to ensure that the analysis met methodological standards but had no role in study selection, quality assessment, synthesis, or development of conclusions. The investigators are solely responsible for the content and the decision to submit the manuscript for publication. The Department of Veterans Affairs did not have a role in the conduct of the study; the collection, management, analysis, or interpretation of data; or the preparation of the manuscript.
RESULTS
A total of 8215 abstracts were reviewed; 67 full-text articles met inclusion criteria for one of the key questions and were included (Appendix Figure 2 , available at www.annals.org) (20, 24 -89) .
Trials of LDCT
We identified 7 randomized, controlled trials that reported results of LDCT screening but limited our review of effectiveness to the 4 (39, 53, 57, 60) that reported results in the intervention and control groups (Appendix Table 1 , available at www.annals.org). The Table shows the demographic characteristics of study participants, screening strategies, and quality ratings. The full report describes screening programs, follow-up protocols, and procedures (22) .
The NLST (National Lung Screening Trial) was a good-quality trial comparing 3 annual LDCT scans with 3 annual single-view posterior-anterior chest radiographs (53, 88) . The trial was conducted at 33 U.S. sites and included asymptomatic men and women aged 55 to 74 years who were current or former (Ͻ15 years since quitting) smokers (Ն30 pack-years): 26 722 were randomly assigned to LDCT and 26 732 to chest radiography.
The DANTE (Detection and Screening of Early Lung Cancer by Novel Imaging Technology and Molecular Essays) trial (39, 40) was a fair-quality Italian trial comparing the addition of LDCT with usual care without LDCT. Male current or former smokers (Ն20 pack-years) without significant comorbid conditions aged 60 to 74 years were included: 1276 were randomly assigned to LDCT and 1196 to usual care. All participants had a baseline clinical interview and examination, chest radiography, and 3-day sputum cytology; those in the intervention group also received LDCT. All participants were followed annually with clinical interviews and physical examinations focused on detecting lung cancer; the intervention group also received 4 annual LDCTs.
The DLCST (Danish Lung Cancer Screening Trial) (60) was a fair-quality single-center trial comparing LDCT with no lung cancer screening. The study was planned to last 5 years, with a baseline LDCT followed by 4 annual LDCTs. The study population included healthy men and women aged 50 to 70 years who were current or former smokers (Ն20 pack-years) and were able to walk at least 36 steps without stopping. Former smokers must have quit after age 50 years and less than 10 years before enrollment. All participants had baseline and annual pulmonary function tests and completed health questionnaires. A total of 2052 participants were randomly assigned to LDCT and 2052 to usual care.
The MILD (Multicentric Italian Lung Detection) study was a poor-quality single-center trial comparing annual or biennial LDCT with no lung cancer screening (57) . The trial included men and women aged 49 years or older who were current or former (quit Ͻ10 years ago) smokers (Ն20 pack-years) with no history of cancer within the previous 5 years. A total of 1190 participants were randomly assigned to annual LDCT, 1186 to biennial LDCT, and 1723 to usual care.
Effectiveness of Screening for Lung Cancer With LDCT
Participants in the DLCST and the MILD study were younger and had less smoking exposure than those in the NLST and the DANTE trial (Table) . Lung cancer incidence and mortality and all-cause mortality were lower in the control groups of the DLCST and the MILD study than in those of the NLST and the DANTE trial.
The NLST was stopped early after 6.5 years of follow-up when lung cancer mortality was reduced by 20.0% (95% CI, 6.8% to 26.7%) in the LDCT group. The reported number needed to screen (NNS) to prevent 1 lung cancer death was 320 among participants who completed 1 screening. All-cause mortality was also reduced by 6.7% (CI, 1.2% to 13.6%), with the NNS to prevent 1 death reported as 219 (53) .
The DANTE trial found that, after a median follow-up of 34 months, the relative risk (RR) of lung cancer mortality among the LDCT group was 0.83 (CI, 0.45 to 1.54). All-cause mortality was equal in both groups at 3 years, with an RR of 0.85 (CI, 0.56 to 1.27) (39). These RRs were calculated with the reported personmonths of follow-up appropriate for each study group (rather than the median), which was longer in the LDCT group by 657 person-months (35.7 months follow-up for the LDCT group vs. 31.5 months for the control group) (39) .
In the DLCST, after a median follow-up of 4.8 years, the RRs were 1.37 (CI, 0.63 to 2.97) for lung cancer mortality and 1.46 (CI, 0.99 to 2.15) for all-cause mortality in the LDCT group (60) .
In the MILD study, the RR for lung cancer mortality in the biennial LDCT group compared with the control group was 1.00 (CI, 0.34 to 2.98); the RR was 1.98 (CI, 1.57 to 2.50) in the annual LDCT group compared with the control group. All-cause mortality did not significantly differ between the combined screening groups and the control group (RR, 1.40 [CI, 0.82 to 2.38]). However, when comparing the annual LDCT group with the control group, the RR for all-cause mortality was 1.80 (CI, 1.56 to 2.07) (57) . These RRs are calculated on the basis of the follow-up reported for each study group, which differed between groups (45 months for the combined LDCT group vs. 56 months for the control group). Figures 1 and 2 show the summary results for the 4 trials.
Benefits, by Subgroup
All of the trials were conducted in participants at high risk for lung cancer based on current or former smoking. However, the differences in lung cancer incidence in the control groups indicate that the studies included participants whose risk substantially varied. No trials evaluated persons at low or average risk, and, to date, none has reported findings by sex or race or ethnicity.
Other Outcomes of Lung Cancer Screening With LDCT
Seven trials and 13 cohort studies (Appendix Table 2 , available at www.annals.org) (22) reported outcomes other than lung cancer mortality.
Radiation
Two trials (53, 57) and 3 cohort studies (26, 67, 80, 81) reported that radiation associated with 1 LDCT ranged from 0.61 to 1.50 mSv. Only the ITALUNG study reported cumulative radiation exposure associated with screening and follow-up evaluations, which was estimated at 6 to 7 mSv for baseline LDCT and 3 subsequent annual LDCTs (49, 50) .
False-Positive Findings and Follow-up Evaluations
Participants with positive results on baseline screening ranged from 9.2% to 51.0%, with calculated positive predictive values (PPVs) for abnormal screening results ranging from 2.2% to 36.0% (31, 33, 34, 37, 43, 44, 52, 59, 67, 71, 78, 80, 81, 83, 88) . Positive results were lower in subsequent screenings, with PPVs for abnormal results predicting lung cancer of 4% to 42%. As nodule size increases, the PPV increases. For example, among participants in the NLST, the overall PPV for nodules 4 mm or larger identified on baseline LDCT was 3.8%, but the PPV was 0.5% for 4-to 6-mm nodules and 41.3% for those larger than 30 mm (88).
In the I-ELCAP (International Early Lung Cancer Action Program) trial, 3396 of the 21 136 participants had nodules 5 mm or larger. Among 2558 participants with nodules between 5.0 and 9.0 mm, only 8 had lung cancer diagnosed within 12 months after baseline enrollment. Among 285 participants with nodules 15 mm or larger, 29.8% were diagnosed with lung cancer (89) . Most abnormal results resolved after further imaging. The PPV for abnormal LDCT results with recommendations for biopsy ranged from 50% to 92% (33, 34, 39, 40, 43, 52, 53, 78, 80, 81, 83) . In the NLST, at least 1 complication occurred in association with 245 LDCTs and 81 chest radiographies. Major complications were infrequent in both groups. Among the 649 cases of lung cancer found after a positive screening result, 73 and 23 major complications occurred in the LDCT and chest radiography groups, respectively, after an invasive procedure.
Among participants with positive results who were found not to have lung cancer, 12 and 4 major complications occurred in the LDCT and chest radiography groups, respectively. Sixteen 16 participants in the LDCT group and 10 (all with lung cancer) in the chest radiography group died within 60 days of an invasive procedure. Whether the procedure was the cause of death is unknown (53) . These procedures were only described for cases of lung cancer identified in the screening period. During follow-up, 411 cases of lung cancer were identified in the LDCT group and 662 in the chest radiography group, all probably requiring a diagnostic procedure.
False Reassurance
There is no gold standard for negative findings on screening LDCT, and sensitivity is typically determined by considering new incidents of lung cancer presenting within 1 year of a screening study as a false-negative. In the 6 studies reporting this variable, sensitivity of LDCT for detecting lung cancer ranged from 80% to 100% (most often Ͼ90%), implying a false-negative rate of 0% to 20% (52, 67, 70, 71, 78, 80, 81) . Raising the threshold for nodule sizes to consider positive will increase specificity for lung cancer but decrease sensitivity (89) . No study evaluated the harm of false reassurance.
Overdiagnosis
No study formally reported overdiagnosis. Among 4 trials reporting results from groups with and without LDCT, the NLST suggested overdiagnosis, reporting more than 119 cases of lung cancer among 26 722 participants in the LDCT group after 6.5 years of follow-up (53) . This trial also involved fewer late-stage cases of lung cancer in the LDCT group than in the chest radiography group. The 3 other trials reported more early-stage lung cancer in the LDCT groups than in the control groups but not fewer cases of advanced lung cancer (39, 40, 57, 60) . However, insufficient and unequal follow-up in these studies limit the evaluation of overdiagnosis.
Psychosocial Consequences
Seven studies (27, 64, [86, 87] ), screening did not affect overall health-related quality of life or long-term anxiety. In the short term, the studies suggested increased anxiety or distress compared with baseline among participants with positive or indeterminate results (27, 64, 72, 73) . Distress and fear of cancer decreased compared with baseline among those with negative results (27, 73) .
Smoking Behavior
Two trials identified no differences in smoking cessation rates, relapse rates, or intensity when comparing persons randomly assigned to LDCT versus no LDCT (25, 75) . In 2 trials, smoking behavior showed mixed results (comparing abnormal vs. normal findings): One showed a tendency toward smoking abstinence (25) , and the other showed no difference (76). Cohort studies comparing abnormal with normal findings (24, 69) showed similar mixed results. One cohort study found that physician referral for patients with abnormal findings on LDCT increased smoking cessation rates compared with nonreferral for those with normal findings (66) .
Incidental Findings
Most of the included studies reported incidental findings, but no standardized approach was available to report these findings. Nonpulmonary findings were common; infections and other types of cancer were also diagnosed. The NLST provides probably the best estimate of the frequency of incidental findings: 7.5% of all LDCT scans and 2.1% of all chest radiographs identified a "clinically significant" abnormality not suspicious for lung cancer (53) . Coronary artery calcification was identified in approximately 50% of participants in 1 cohort study (62) .
DISCUSSION
The personal and public health consequences of lung cancer are enormous, and even a small benefit from screening could save many lives. This review found that in 1 large, good-quality trial that used 3 annual LDCTs to screen high-risk persons aged 55 to 74 years, lung cancer and all-cause mortality were reduced in the LDCT group compared with the annual chest radiography group by 20% and 7%, respectively (Appendix Table 3 , available at www.annals.org) (53) . Twenty-five percent of the overall deaths in the control group were from lung cancer in this study, highlighting the large contribution of this disease to overall mortality in this age and risk strata of the population.
One fair-quality Italian trial involving men older than 60 years suggested that screening CT reduced lung cancer mortality, but this association was not significant (39, 40) . Two European trials (1 fair-quality [60] and 1 poor-quality [57] ) in lower-risk and younger patients showed no benefit of LDCT screening in reducing lung cancer mortality. In This online-first article will have minor typographical differences from the final, printed version.
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Annals of Internal Medicine 5 the evidence report (22), we found no data to support chest radiography for lung cancer screening, although data from the PLCO (Prostate, Lung, Colorectal, and Ovarian) Cancer Screening Trial suggested a benefit among highrisk persons and possibly high-and average-risk women (22, 56) . This suggests that, if there is any benefit of chest radiography screening, the benefit of lung cancer screening with LDCT shown in the NLST may be even greater if applied to an unscreened population. Several factors may account for differential mortality among trials. First, the European studies enrolled fewer patients and had shorter follow-up than the NLST and had inadequate power to detect a difference in lung cancer mortality. In addition, the DANTE trial had reduced power to detect a difference, because 9 patients in the control group and 16 patients in the LDCT group were diagnosed with lung cancer at baseline with chest radiography and sputum cytology. This difference also suggests possible inadequate randomization or inadequate sample size, because the baseline risk for cancer diagnosed by sputum cytology or chest radiography was nearly 2-fold higher in the LDCT group.
Second, follow-up durations among randomized groups differed in the European trials. Adjustment for actual follow-up months by group in the MILD study and DANTE trial markedly changed results, with the DANTE trial suggesting a benefit of screening rather than a neutral effect. However, this difference was not significant. In addition, the DLCST investigators noted that follow-up for lung cancer in the control group was less complete than in the intervention group, but they did not provide actual follow-up time.
Third, participants in the studies showing or suggesting reduced lung cancer mortality (NLST and the DANTE trial) were older with greater smoking exposure than those in studies not showing benefit (Table) . Of note, lung cancer incidence and mortality and overall mortality rates in the NLST and the DANTE trial were 2-to 4-fold higher than in the DLCST and the MILD study, suggesting that LDCT screening might be more beneficial in higher-risk populations. A recent modeling study supports this hypothesis, finding that the NNS to save 1 life from lung cancer over 6 years (3 years of annual screening) was 82 for high-risk participants compared with 3180 for minimally eligible NLST participants (90) .
Fourth, results from the MILD study should be interpreted with caution. The trial was rated poor quality because of inadequate randomization with systematic differences between groups and differential follow-up. Finally, differential mortality among trials may be due to different population characteristics and systems of medical care in Europe than in the United States.
The potential benefits of lung cancer screening must be weighed against potential harms. Because of the low PPV of screening LDCT, subsequent procedures are often needed for diagnosis. These procedures are usually noninvasive, such as clinical examinations, repeated CT, and positron emission tomography; however, some may be invasive, such as biopsy and surgery. In the studies that we reviewed, most invasive procedures performed were for cancer, not benign disease, with a PPV ranging from 50% to 92% in included studies. This finding contrasts with the high number of false-positive findings requiring further evaluation with imaging or clinical follow-up, which were predominantly done for benign disease. Screening with LDCT did not seem to reduce overall quality of life or affect smoking rates. In addition, LDCT detected many incidental findings, such as emphysema and coronary artery calcifications, but the effect of these findings was not studied.
Overdiagnosis and consequent overtreatment is a concern in lung cancer screening. The 1% to 2.7% prevalence of unrecognized lung cancer suggests a preclinical pool of lung cancer in high-risk populations. The clinical significance of these tumors is uncertain, but patients with lung cancer typically receive treatment, resulting in harm to those with nonlethal cancer. Elderly smokers have high mortality rates from causes other than lung cancer, which also increases the risk for overdiagnosis.
In the future, biomarkers and CT variables, such as volume-doubling time and nodule size, may help discriminate among biologically aggressive and indolent tumors (82, 89) . Arguments against substantial overdiagnosis come from autopsy studies that report low rates of unsuspected lung cancer, as well as natural history studies showing high mortality rates among untreated patients with early-stage lung cancer (63, (91) (92) (93) . Overall, the reductions in lung cancer and all-cause mortality in the NLST, despite a higher incidence of lung cancer in the LDCT group (1040 vs. 941 cases), suggest that the benefit of screening outweighs the potential harm of overdiagnosis (53) .
Radiation exposure is a harm of LDCT lung cancer screening (94) . For context, LDCT is associated with radiation exposure near that of mammography. Radiationinduced cancer over 10 to 20 years is particularly concerning, although none of the studies reported on this potential outcome. Radiation dose varies by body weight, CT detector and manufacturer, and the number of images obtained. In many institutions, current practice involves following nodules with LDCT rather than high-resolution CT, which substantially reduces radiation exposure. If LDCT screening becomes routine, it will be important to measure the risk for radiation-associated harms and identify methods to lower the dose.
Our review differs from a recently published systematic review of LDCT screening (95). First, our review is more comprehensive, because we identified 8215 citations compared with 591. For example, we identified 7 studies that reported psychosocial outcomes (3 of which reported quality of life), whereas the other review identified 1 study. Second, studies published since the other review provide new data. Third, we analyzed rates of lung cancer and This online-first article will have minor typographical differences from the final, printed version.
Review Screening for Lung Cancer With Low-Dose Computed Tomography mortality by using the actual person-years of follow-up, which affects the effect size observed in 2 of the trials.
Our review has limitations. The NLST results may not be generalizable, because participants were younger, better educated, and less likely to be current smokers than the general U.S. population that would be eligible for LDCT screening by NLST criteria (96) . The trial was conducted at mostly large academic centers. However, the large size of the trial, as well as the involvement of community health care providers in nodule management and treatment, may mitigate this concern. Furthermore, differences in population characteristics and systems of medical care and the small sample sizes used in the European studies may limit applicability to a U.S. population. Other limitations include a lack of specific information on LDCT screening in women and racial and ethnic groups. Studies of costeffectiveness, modeling studies of radiation risk, and studies that evaluated patient perspectives on screening were not included because they were considered out of the scope of our review.
Future research to identify methods for focusing LDCT screening on persons at highest risk for disease, to improve discrimination between benign and malignant pulmonary nodules, and to find early indicators of aggressive disease is warranted. Studies have examined the role of biomarkers in these settings, and the NLST has collected biological specimens during enrollment; however, no results have yet been reported (53) . New studies of risk modeling that could apply to currently screened groups, such as the Bach and Liverpool risk models, may facilitate identification of patients at higher risk who might benefit differentially from screening with LDCT (95, 97).
If LDCT screening becomes routine, the risk for harms should be measured and methods to limit them should be identified. It is also important to continue to evaluate the psychosocial consequences in patients who undergo screening, because psychological responses to screening and abnormal or normal results may differ between patients participating in research studies and the general population.
In conclusion, LDCT screening seemed to reduce lung cancer mortality. This result was driven by 1 large, goodquality study conducted in the United States in which the NNS to prevent 1 lung cancer death (among those who completed at least 1 screening) was 320 and the NNS to prevent 1 death overall was 219 over 6.5 years. These benefits compare with numbers needed to invite to screen to prevent 1 breast cancer death in mammography trials of 1339 for women aged 50 to 59 years after 11 to 20 years of follow-up (98, 99) . They also compare with an NNS with flexible sigmoidoscopy of 817 to prevent 1 colon cancer death (100) . Given the high number of current and former smokers in the population at risk for lung cancer, identifying and treating early-stage lung cancer with screening will hopefully clarify the balance of benefits and harms associated with screening. In addition, more work in public health to reduce smoking remains the most important approach to reducing morbidity and mortality from lung cancer.
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